ABSTRACT Psocids of genus Liposcelis are now considered serious pests of stored products. We investigated the effects of eight temperatures (22.5, 25.0, 27.5, 30.0, 32.5, 35.0, 37.5, and 40.0ЊC) and four relative humidities (43, 55, 63, and 75%) on population growth and development of the psocid Liposcelis pearmani Lienhard. L. pearmani did not survive at 37.5 and 40.0ЊC, at all relative humidities tested; at 43% RH, at all temperatures tested; and at 55% RH, at 32.5 and 35ЊC. The greatest population growth was recorded at 32.5ЊC and 75% RH (32-fold growth). L. pearmani males have two to four nymphal instars, and the percentages of males with two, three, and four instars were 17, 63, and 20%, respectively. Female L. pearmani have two to Þve instars, and the percentages of females with two, three, four, and Þve instars were 5, 39, 55, and 1%, respectively. We developed temperature-dependent development equations for male and female eggs, individual nymphal, combined nymphal, and combined immature stages. Based on 30-d population growth, L. pearmani cannot survive at temperatures Ͼ35.0ЊC; does not thrive at low relative humidities (55%), at temperatures above 25ЊC; and has a high optimum relative humidity for population growth (75%). Therefore, we expect it to have a more limited distribution compared with other Liposcelis species. These data provide a better understanding of how temperature and RH may inßuence L. pearmani population dynamics and can be used in population growth models to help develop effective management strategies for this psocid, and to predict its occurrence.
Psocoptera (psocids or booklice) are one of only three insect orders known to have species that are serious pests of stored products (Rees 2004) . However, it is only recently that psocids have emerged as pests of substance in stored products (Phillips and Throne 2010) . They were considered previously only as nuisance pests of minor economic importance partly because of their small size, which makes their detection difÞcult, and because of the limited information available on their ecology (Athanassiou et al. 2009 ). Enormous psocid populations often are found infesting grain bulks in warm temperate and tropical regions (Rees 2004; Opit et al. 2009a,b,c) . In stored rice, for example, psocid populations as high as 4,264 insects per kg have been found in Bogor, India (Haines 1983) . In addition to stored grain, large numbers of psocids also are found infesting grain processing facilities, product warehouses, railway boxcars, and shipsÕ holds (Broadhead 1954 , Tada 1956 , Sinha 1965 , Opit et al. 2009a .
Psocids are considered pests because they contaminate food by their presence, produce lots of excrement, and actively spread fungal pathogens; all these factors make them a health hazard (Kuč erová 2002) . Psocids also cause allergies in susceptible people (Turner et al. 1996) . However, weight losses because of germ and endosperm consumption by psocids (McFarlane 1982 , Kuč erová 2002 ; frequent failure of standard practices of protection and disinfestation to control psocids (Wang et al. 1999 , Nayak et al. 2003 , Beckett and Morton 2003 , Nayak and Daglish 2007 ; and the fact that commodities infested by psocids can be rejected for export (Kuč erová 2002 , Nayak 2006 have led to the recognition of psocids as serious pests worldwide in the last two decades.
Previously, the number of psocid species, their abundance and distribution, and factors affecting population dynamics were determined for a feed mill (G.P.O., unpublished data) and an animal feed warehouse in Stillwater, OK (Opit et al. 2009a ). Six and seven species were found infesting the feed mill and animal feed warehouse, respectively. Species found in the feed mill were Liposcelis bostrychophila Badonnel (Psocoptera: Liposcelididae), Liposcelis decolor (Pearman), Liposcelis entomophila (Enderlein), Liposcelis pearmani Lienhard, Liposcelis rufa Broadhead, and Lepinotus reticulatus Enderlein (Psocoptera: Trogiidae). All the aforementioned species found in the feed mill plus Liposcelis paeta Pearman were found infesting the animal feed warehouse. There have been studies on the ecology of L. entomophila (Leong and Ho 1995, Wang et al. 1998) ; L. bostrychophila (Wang et al. 2000) ; L. decolor (Tang et al. 2008) ; L. reticulatus (Opit and Throne 2008) ; L. paeta (Wang et al. 2009 ); and L. rufa (Gautam et al. 2010) . However, there are no published studies on the ecology of L. pearmani. Development of an effective management program for any pest requires knowledge of its ecology. Given the lack of information on the ecology of L. pearmani, we initiated studies on population growth and development of this species to provide an experimental basis for developing management strategies for this pest. Insects are cold blooded and their body temperature is equal to or ßuctuates with that of the environment. It is also a fact that insects are adversely affected by temperatures above and below their optimum. Therefore, biological studies of insect pests provide information on, for example, how methods such as temperature manipulation could be used for pest management. The same applies for relative humidity. These studies also allow for the determination of lower and upper developmental thresholds that can be used in degree-day calculations to facilitate management of pests and pest control timing. Our objectives were to determine the effects of constant temperatures and relative humidities on population growth of L. pearmani, to quantify the effects of temperature on development, and to determine the lower and upper developmental thresholds.
Materials and Methods
Insects. Cultures used in the study were started using insects collected from a feed mill located at the Stored Product Research and Education Center, Stillwater, OK. Voucher specimens of 100 male and female L. pearmani preserved in 95% ethyl alcohol that were used in this study were deposited at K. C. Emerson Entomology Museum at Oklahoma State University under lot numbers 102 (males) and 103 (females). Psocids were reared on a mixture of 93% cracked hard red winter wheat, 5% rice krispies (Kellogg Company, Battle Creek, MI), and 2% wheat germ (wt:wt; referred to as psocid diet below) in 360-ml glass canning jars with mite-proof lids (Opit and Throne 2008) , and the top 3 cm of the inner surface of each jar was coated with Fluon (polytetraßuoroethylene; Northern Products, Woonsocket, RI) to prevent psocids accessing and gathering on the inside of the lid and/or escaping from the jar. Cultures were maintained at 30.0 Ϯ 1ЊC, 75 Ϯ 5% RH, and 24 h of scotophase.
Effects of Temperature and Relative Humidity on Population Growth. We determined effects of temperature and relative humidity on the increase in number of psocids over a 30-d period at eight temperatures (22.5, 25.0, 27.5, 30.0, 32.5, 35.0, 37.5, and 40 .0ЊC) and four relative humidities (43, 55, 63, and 75%) . The procedures we used for setting up the experiment were the same as those procedures used by Gautam et al. (2010) .
The experiment had three temporal replications, and the experimental design was a randomized complete block (RCBD) with subsampling. All statistical procedures were accomplished using Statistical Analysis System software (SAS Institute 2008). PROC MIXED was used for analysis of variance (ANOVA) to determine the effects of temperature and relative humidity on numbers of psocids in vials, which was transformed using the square-root transformation to stabilize variances before analysis. Untransformed means and standard errors are reported to simplify interpretation. We used a least signiÞ-cant difference (LSD) test to determine differences among mean numbers of psocids produced at different temperatures and relative humidities, despite the quantitative independent variables, because we were not able to quantify the relationship using a biologically meaningful equation (Table Curve 3D ) (Systat Software Inc. 2002b) . A biologically meaningful equation is a mathematical expression that adequately describes a relationship in a biologically meaningful way. Because no psocids were found at 37.5 and 40ЊC, data for these temperatures were not included in the analysis.
Effects of Temperature on Development. The procedures we used for setting up the experiment were analogous to those procedures used by Opit and Throne (2008) , except each vial cap had three cracked wheat kernels. Forty centrifuge caps containing eggs were then randomly placed in each of six plastic boxes (37 by 22 by 13 cm in height) that were painted black and contained saturated NaCl solution to maintain 75% RH. One box was placed in each of six incubators set to maintain treatment temperatures of 22.5, 25.0, 27.5, 30.0, 32.5, and 35.0ЊC. The procedures for monitoring egg and nymphal development were similar to those procedures used by Opit and Throne (2008) where psocids, in individual arenas, were marked using ßuorescent powder. The experiment consisted of three temporal replications.
In the determination of the effects of temperature on the duration of development of L. pearmani, data for males and females were analyzed separately. For both data sets, the design used for analysis was an RCBD with subsampling. PROC MIXED was used for ANOVA to determine the effects of temperature on development. We used regression (TableCurve 2D) (Systat Software Inc. 2002a) to describe the relationship between temperature and developmental time for the egg, individual nymphal, combined nymphal, and combined immature stages of males and females. Selection of an equation to describe the data were based on the magnitude and pattern of residuals and lack-of-Þt tests (Systat Software Inc. 2002a). In addition, the curve was assessed to determine whether it had a shape that was reasonable for describing the data (i.e., showed a relationship that could be described as biologically meaningful). In the analysis of the proportions of viable eggs and nymphs that developed to the adult stage (male plus female), the design for August 2011 AMINATOU ET AL.: POPULATION GROWTH AND DEVELOPMENT OF L. pearmanianalysis was an RCBD. To analyze these proportions, PROC MIXED was used for ANOVA after arcsine square-root transformation to stabilize variances. The lower development threshold for L. pearmani males and females was determined by Þtting linear equations to development rate (reciprocal of development time) and temperature data by using TableCurve 2D (Systat Software Inc. 2002a). Because the rate of development varies when temperatures become suboptimal for development, data only were Þt to linear regression within the linear portion of the curve (Arnold 1959) . Therefore, for both males and females, 35.0ЊC data were not used for linear regression. Upper development thresholds for L. pearmani males and females were found by determining the temperature at which the rate of development begins to decrease (Zilahi-Balogh and Pfeiffer 1998); these temperatures were obtained by Þtting the appropriate equation to all the development rate and temperature data and by using the ÔEVALUATIONÕ procedure in TableCurve 2D (Systat Software Inc. 2002a) to determine upper development threshold.
Results

Effects of Temperature and Relative Humidity on
Population Growth. The pattern of psocid numbers at the six temperatures was not similar at the four relative humidities (F ϭ 7.2; df ϭ 15,46; and P Ͻ 0.0001). No live L. pearmani were found in treatments maintained at 37.5 and 40ЊC, 43% RH; and at 55% RH, at 32.5 and 35ЊC (Table 1) . Population growth was highest at 32.5ЊC and 75% RH; under these conditions the population increased 32-fold in 30 d.
Effects of Temperature on Male Development.
Eggs. Incubation time varied with temperature, and a quadratic equation described the relationship between temperature and incubation time well (Fig. 1A , Tables 2 and 3 ). Based on the quadratic equation, the predicted optimal incubation temperature is 33.7ЊC, and development is completed in 7.0 d at this temperature.
Nymphal, Combined Nymphal, and Combined Immature Stages. Duration of the nymphal, combined nymphal, and combined immature stages varied with temperature (Figs. 1BÐF; Tables 2 and 3). Quadratic equations described the relationship between temperature and development time well for nymphal, combined nymphal, and combined immature stages (Table 3 ). Based on the quadratic equations for N1, N2, and N3, the predicted optimal development temperatures are 32.0, 32.3, and 33.7ЊC, and development is completed in 4.6, 4.5, and 3.8 d, respectively. For the combined nymphal and combined immature stages, these parameters are 31.6 and 32.2ЊC, and 12.8 and 20.0 d, respectively. The lower development threshold for the combined immature stage was estimated as 12.1ЊC by using a linear equation; the upper development threshold for the combined immature stage was estimated as 33.2ЊC by using a quadratic equation (Table 4) .
Effects of Temperature on Female Development. Eggs. Incubation time varied with temperature and a quadratic equation described the relationship between temperature and incubation time well ( Fig. 2A , Tables 5 and 6 ). Based on the quadratic equation, the predicted optimal incubation temperature is 32.9ЊC, and development is completed in 6.3 d at this temperature.
Nymphal, Combined Nymphal, and Combined Immature Stages. Duration of the nymphal, combined nymphal, and combined immature stages varied with temperature ( Figs. 2BÐD and 3AÐC ; Tables 5 and 6 ). Quadratic equations described the relationship between temperature and development time well for nymphal, combined nymphal, and combined immature stages (Table 6 ). Based on the quadratic equations for N1, N2, N3, and N4, the predicted optimal development temperatures are 33.5, 32.4, 33.3, and 32.4ЊC, and development is completed in 4.6, 4.6, 4.5, and 4.8 d, respectively. For the combined nymphal and combined immature stages, these parameters are 31.9 and 32.0ЊC, and 15.5 and 21.6 d, respectively. The lower development threshold for the combined immature stage was estimated as 13.9ЊC by using a linear equation; the upper development threshold for the combined immature stage was estimated as 33.1ЊC by using a quadratic equation (Table 4) .
Effects of Temperature on Egg Viability and Nymphal Survivorship. Temperature had no effect on egg viability (F ϭ 0.3; df ϭ 5,10; P ϭ 0.915). The proportion of viable eggs for all temperatures ranged from 0.83 to 0.90 and averaged 0.87 over all temperatures. Similarly, temperature had no effect on nymphal survivorship (F ϭ 0.7; df ϭ 5,10; P ϭ 0.656). Nymphal survivorship for all temperatures ranged from 0.42 to 0.59 and averaged 0.52 over all temperatures. LSD test was used to determine differences among mean numbers of psocids produced at different temperatures. Means followed by the same letter are not signiÞcantly different (P Ͼ 0.05).
The mean developmental period of females was longer than that of males. This difference corresponded to females generally having one more instar than the males (Tables 2 and 5 ). We found that male L. pearmani have two to four nymphal instars, and the percentages of males with two, three, and four instars were 17, 63, and 20%, respectively. Female L. pearmani were found to have two to Þve nymphal instars, and the percentages of females with two, three, four, and Þve instars were 5, 39, 55, and 1%, respectively.
Discussion
Our data show that L. pearmani will not survive at 37.5 and 40.0ЊC, at 43% RH; and at 55% RH, at 32.5Ð35.0ЊC. The inability of stored-product psocid ANOVA results for eggs, N1, N2, N3, combined nymphal, and combined immature stages were F ϭ 45.0, 7.6, 3.8, 13.6, 22.4, and 43.9, respectively. In all cases df ϭ 5,10 and P Ͻ 0. 04.
a Values of n for N3 at 22.5, 25, 27.5, 30, 32.5, and 35ЊC were 11, 13, 8, 9, 11, and 11, respectively. pests to survive at 43% RH also has been shown for L. reticulatus (Opit and Throne 2008) , L. brunnea , and L. rufa (Gautam et al. 2010) . Weng (1986) showed that the mortality of adult female L. entomophila increased sharply at humidities below 56% and Rees and Walker (1990) found that none of the three psocid species they studied (L. bostrychophila, L. entomophila, and L. paeta) were able to survive at relative humidities below 60%. Furthermore, Wang et al. (1998) found that L. entomophila failed to develop and live for long below 60% RH. Wang et al. (1998) suggested that their Þndings were because of the absence of sufÞcient mold growth. They based this explanation on the premise that 70% RH is the lower limit for the development of many storage fungi (Smith 1954 (Knulle and Spadafora 1969) . Processes by which water balance in psocids is maintained are well explained by Devine (1982) . The optimal temperature and relative humidity for L. pearmani population growth are 32.5ЊC and 75%; at these conditions populations increased 32-fold in a 30-d period starting from an initial population of Þve females. For L. brunnea and L. rufa, populations grew by 17-and 73-fold, respectively, over a 30-d period Throne 2009, Gautam et al. 2010) . Optimal conditions for population growth for these species were 32.5ЊC and 63% and 35ЊC and 75%, respectively. Based on these population growth data alone, L. pearmani has greater potential to be a more serious storedproduct pest than L. brunnea but a much lower one than L. rufa.
We found temperature to have no effect on L. pearmani egg viability and the percentage of viable eggs averaged 87% across all temperatures. Similar results have been reported for L. reticulatus (Opit and Throne 2008) , L. brunnea , and L. rufa (Gautam et al. 2010) . Average percentages of viable eggs across all temperatures for these species were 87, 80, and 90%, respectively. The viability of L. pearmani eggs was similar to that of L. brunnea and L. rufa eggs. U.S. geographical strains of these four species were used for the studies. In other studies, temperature was found to affect egg viability of L. bostrychophila (Wang et al. 2000) ; Liposcelis badia Wang, Wang, and Lienhard ; L. decolor (Tang et al. 2008) ; L. paeta (Wang et al. 2009 ); and Liposcelis tricolor Badonnel (Dong et al. 2007 ). China geographical strains of these Þve species were used for the studies. The reasons why temperature affected egg viability of the two groups of psocids differently is not clear but may be related to their geographical origin. Generally, the lower and higher temperatures tested in these studies had a detrimental effect on egg viability. For all these nine species, temperature affected nymphal survival, with extreme temperatures being detrimental to survival.
The developmental period of female L. pearmani was longer than that of males. This difference corre- a cases with linear equations; an R 2 value is presented. For both linear equations, df ϭ 1,13 and P Ͻ 0.001. Lack-of-Þt P values for males and females were 0.80 and 0.25, respectively. For both quadratic equations, df ϭ 2,15 and P Ͻ 0.001. Lack-of-Þt P values for males and females were 0.10 and 0.56, respectively. sponded to females generally having one more instar than males. Our study shows that male L. pearmani have two to four instars, and the percentages of males with two, three, and four instars were 17, 63, and 20%, respectively. We have also shown that female L. pearmani have two to Þve instars, and the percentages of females with two, three, four, and Þve instars were 5, 39, 55, and 1%, respectively. In comparison, L. reticulatus has four nymphal instars (Opit and Throne 2008) ; L. brunnea males and females have two to four and three to Þve instars, respectively (Opit and Throne 2009); and L. rufa males and females have two to four and two to Þve instars, respectively (Gautam et al. 2010) . Temperature, photoperiod, food quality and quantity, humidity, rearing density, physical condition, inheritance, injuries, and sex are some factors known to cause intraspeciÞc variability in the number of instars (Esperk et al. 2007 and references therein). According to them, the number of instars remains highly plastic in those species where the variability in instar number has evolved. The adaptive value of the variability in the number of instars, that is applicable to Liposcelis species, may be the production of additional generations in these multivoltine species and/or increasing the probability of surviving in prolonged adverse conditions (Esperk et al. 2007) .
We found that 63Ð73% of total nymphal mortality was because of N1 and N2 mortality. This mortality is similar to 58 Ð71% that was found for L. rufa (Gautam et al. 2010) . However, these mortalities were lower than those mortalities found for L. reticulatus (Opit and Throne 2008) and L. brunnea , which were 80 Ð100% and 87Ð100%, respectively. Possible explanations for this difference could be that L. pearmani and L. rufa N1 and N2 are much hardier and cope much better with the handling they are exposed to during experiments and/or the high mortality in the case of L. brunnea and L. reticulatus may be because of the detrimental effects of 75% RH in which nymphal development was studied Throne 2008, Gautam et al. 2010 ). The optimal relative humidity for L. brunnea is 63% whereas that for L. rufa (Gautam et al. 2010) and L. pearmani is 75%. Although Opit and Throne (2008) did not test 55 and 63% RH in their L. reticulatus study, it is likely that a slightly lower relative humidity than 75% may be optimal for this species.
Based on our data, the lower and upper developmental thresholds for L. pearmani males are 12.1 and 33.2ЊC, respectively; for females, these temperatures are 13.9 and 33.1ЊC, respectively. Our results show that the lower developmental threshold for L. pearmani males or females is similar to that for males plus females of L. bostrychophila (Wang et al. 2000) , L. tricolor (Dong et al. 2007) , L. badia , and L. paeta (Wang et al. 2009), which are 15.5, 11.3, 10.0, and 20.2ЊC, respectively . However, the upper developmental thresholds for both male and female L. pearmani are smaller than those thresholds of the aforementioned Liposcelis species, which are 38.1 (Wang et al. 2000) , 38.9 (Dong et al. 2007 ), 40.0 (Jiang et al. 2008 , and 40.5ЊC (Wang et al. 2009 ), respectively. Based on data from Opit and Throne (2008) , lower and upper developmental thresholds for L. reticulatus (a parthenogenetic species) are 10.9 and 34.3ЊC, respectively. For male L. rufa, lower and upper (Briere et al. 1999 ) because they can be used to reliably predict its population dynamics. At 75% RH, the optimal temperature for development of L. pearmani males and females from egg to adult is 32.5ЊC and at this temperature development is completed in 18.7 and 21.9 d, respectively. In the case of L. entomophila (Wang et al. 1998) , L. decolor (Tang et al. 2008) , L. paeta (Wang et al. 2009 ), and L. rufa (Gautam et al. 2010) , the optimal temperatures are 35.0, 35.0, 37.5, and 37.5ЊC, respectively, and development is completed in 21.7, 16.1, 11.5, and 21.6 d (females), respectively. This information suggests that L. decolor, L. entomophila, L. paeta, and L. rufa with higher optimal temperatures for development probably will occur commonly in warmer environments. However, L. pearmani, with a lower optimal temperature for development, is probably adapted to cooler conditions and climates. These conclusions appear to be supported by the observation that we have not found L. pearmani in steel bins containing wheat in the U.S. mid-west where we have sampled wheat for several years. Steel bins used to store wheat get extremely hot in summer and early fall and it is doubtful L. pearmani would survive in them.
Quadratic equations describe the relationship between temperature and development time for the various stages of male and female L. pearmani well. Similar results were found for L. bostrychophila (Wang et al. 2000) , L. reticulatus and L. brunnea Throne 2008, 2009) , and L. rufa (Gautam et al. 2010) . This relationship between temperature and development time has been explained by Speight et al. (1999) . According to them, it is a result of the inability of ectotherms (such as psocids) to regulate their body temperature, thus body temperature is a function of the temperature of their surroundings, such that within a certain range, the rate of metabolic reactions will be directly related to temperature. Beyond optimal temperatures for development, temperature negatively impacts biological processes and results in increased development time. ANOVA results for eggs, N1, N2, N3, N4, combined nymphal, and combined immature stages were F ϭ 35.5, 9.8, 2.4, 7.9, 15.2, 57.9, and 60.8, respectively. In all cases df ϭ 5,10 and P Ͻ 0. 01 except for N2 where P ϭ 0.116.
a Values of n for N3 at 27.5, 30, and 32.5ЊC were 28, 27, and 27, respectively. b Values of n for N4 at 22.5, 25, 27.5, 30, 32.5, and 35ЊC were 16, 29, 12, 12, 12, and 15, respectively. Our work has shown that L. pearmani can reproduce at a relative humidity of 55% and temperatures of 22.5 and 25.0ЊC, and at relative humidities of 63Ð75% and temperatures of 22.5Ð35ЊC. L. pearmani does not survive at temperatures Ͼ35.0ЊC and 43% RH. The optimal conditions for reproduction for this species are 32.5ЊC and 75% RH. We also have shown that males have two to four instars, whereas females have two to Þve instars. Given that L. pearmani cannot survive at temperatures Ͼ35.0ЊC and has a high optimal relative humidity requirement of 75%, we donÕt expect this species to be a serious pest in bulk grain storages in warm temperate and tropical regions where temperatures can get extremely high. We also expect it to have a narrower distribution compared with, for example, L. rufa, L. decolor, L. entomophila, and L. paeta. However, L. pearmani has potential to be a pest in homes, grain processing facilities, and warehouses containing bagged commodities. Finally, we have developed temperature-dependent development equations that can be used to elucidate L. pearmani population dynamics and help develop effective management strategies. N1, N2, N3, and N4 represent the Þrst, second, third, and fourth instars, respectively. In all cases df ϭ 2,15 and P Ͻ 0.02. Lack-of-Þt P values for the duration of the egg, N1, N2, N3, N4, combined nymphal, and combined immature stages were 0. 39, 0.47, 0.70, 0.94, 0.47, 0.15, and 0.43, respectively. 
